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Inherent symmetries of a system lead to multiple degeneracies of its energy spectra. 
Introducing individual atomic impurities can locally break these symmetries, 
which is expected to lift the degenerate degrees of freedom around the impurities. 
Although central to our understanding of the fundamental properties of solids, the 
broken-symmetry states induced by individual atomic impurities have so far 
eluded observation. Here, we report nanoscale probing of the broken-symmetry 
states in graphene induced by two types of individual atomic impurities, i.e., 
isolated nitrogen dopants and isolated hydrogen atoms chemisorbed on graphene. 
Our experiments demonstrate that both types of atomic impurities can locally 
break sublattice symmetry of graphene and generate valley-polarized states, 
which extends several nanometers around the impurities. For the isolated 
hydrogen atom chemisorbed on graphene, the enhanced spin-orbit coupling, 
which arises from the sp3 distortion of graphene due to the hydrogen 
chemisorption, further lifts the spin degeneracy, resulting in a fully spin and valley 
polarized states within about 1 nm around the hydrogen atom. Our result paves 
the way to control various broken-symmetry states at the nanoscale by various 
atomic impurities.   
In solids, such as graphene, with multiple degenerate degrees of freedom in energy 
spectra, it is possible to realize many exotic broken-symmetry states1-8. It is well-known 
that the fourfold valley and spin degeneracies in graphene arise through its inherent 
symmetries. In previous studies, the degeneracy of graphene is globally lifted, for 
example, by electron-electron interactions, and then the exotic ordered states, such as 
multicomponent quantum Hall states, ferromagnetism, and even superconductivity, are 
realized in the whole system9-18. Introducing individual atomic impurities could locally 
break the inherent symmetries of graphene19-33 and, therefore, it is expected to lift the 
degeneracies of the energy spectra and realize novel broken-symmetry states in 
graphene at the nanoscale. However, measuring broken-symmetry states induced by an 
isolated atomic impurity in graphene has turned out to be challenging.  
In this Letter, two types of individual atomic impurities, i.e., isolated nitrogen dopant 
and chemisorbed single hydrogen atom, are introduced in a controlled manner in 
graphene. By using Landau levels (LLs) spectroscopy, we systematically measure the 
broken-symmetry states induced by the two types of individual atomic impurities. Our 
experiment demonstrate that both the nitrogen dopant and hydrogen atom can lift the 
valley degree of freedom for several nanometers around the impurities by breaking 
sublattice symmetery of graphene. For the chemisorbed single hydrogen atom, a fully 
valley and spin polarized state is realized within about 1 nm of the impurity because 
the coexistence of sublattice symmetry breaking and enhanced spin-orbit coupling 
(SOC) introduced by the H atom. Our result highlights the way to tailor various broken-
symmetry states in graphene at the nanoscale. 
In our experiment, two types of individual atomic impurities, i.e., nitrogen (N) dopant 
with a planar configuration19 and hydrogen (H) chemisorption with an out-of-plane 
configuration20, are introduced in a controlled manner in graphene, as schematically 
shown in Fig. 1a. The N dopants in graphene are introduced by thermal decomposition 
of a small amount of ammonia borane during the growth process of graphene23. The 
isolated H atoms absorbed on graphene is introduced via a H2 plasma after the synthesis 
of graphene34 (see Fig. S1-S3 and Methods of the Supplemental Material35 for details). 
The obtained impurities are of extremely low concentrations and, usually, there is only 
one atomic impurity within a 20  20 nm2 region to remove any possible interactions 
between the impurities. To explore the degeneracy and broken-symmetry states around 
the individual atomic impurities, we measure Landau levels (LLs) spectra around the 
impurities by carrying out scanning tunnelling microscopy and spectroscopy (STM and 
STS) measurements in high magnetic fields. In pristine graphene monolayer, a 
perpendicular magnetic field quantizes the continuous electronic spectrum into discrete 
LLs, and each LL is fourfold degenerate due to spin and valley degrees of freedom36-39, 
as schematically shown in Fig. 1b. When the degeneracy of graphene is partially lifted, 
for example, the valley degeneracy is lifted, each LL will split into two peaks (Fig. 1c). 
If both the valley and spin degrees of freedom in graphene are removed, each LL will 
split into four peaks, as schematically shown in Fig. 1d. By taking advantage of high 
spatial resolution of the STM and high energy resolution of the LLs spectra, as shown 
subsequently, we can measure the subtle broken-symmetry states and their spatial 
extention around the individual atomic impurities of graphene.   
Figure 2a shows a representative STM image of graphene with an individual N atom 
substituting for a C atom and the inset of Fig. 2a shows the zoom-in image of the N 
dopant. A triangle-like topographic feature with the maximum apparent out-of-plane 
height ~ 85 pm can be clearly identified (see Fig. S4 of the Supplemental Material35). 
The STS spectrum recorded on the N dopant (Fig. S4) exhibits a prominent electron-
hole asymmetry, accompanied by a resonant peak at ~ 0.5 eV above the Fermi energy. 
All these features, including the STM image and the STS spectrum, are well consistent 
with that of an isolated N dopant in graphene, as reported in previous studies19,40,41. The 
spatial-resolved broken-symmetry states of graphene around the N dopant are studied 
via the LL spectra under high magnetic fields. The STS spectrum recorded at 5 nm 
away from the N atom exhibits a well-defined Landau quantization of the massless 
Dirac fermions (Fig. 2b), which demonstrates explicitly that the topmost graphene 
monolayer efficiently decouples from the supporting substrate and behaves as a free-
standing graphene monolayer42-44. Moreover, no detectable splitting of the LLs is 
observed, indicating that the fourfold degeneracy of the graphene monolayer is 
preserved. However, for the STS spectrum recorded at the N atom, a notable splitting 
of the N = 0 LL, ~ 20 meV, is clearly observed (Fig. 2b).  
Figure 2c summarizes the splitting of the 0 LL as a function of distance L away from 
the N atom under B = 8 T. At the positions with the distance L that is larger than 3.8 nm, 
no splitting is detectable. With the measured position approaching the N atom, the 0 LL 
gradually splits into two peaks and the splitting reaches the maximum when recorded 
on the N atom, as shown in Fig. 2c (similar feature has also been observed in other 
different magnetic fields, see Fig. S535). Such a result indicates explicitly that the 
splitting of the 0 LL is induced by the N dopant. For graphene with sublattice symmetry 
breaking , the energies of the 0 LL in the K and K′ valleys will be shifted in opposite 
directions and consequently the 0 LL will be split into two peaks39,45,46. The N dopant 
locally breaks the sublattice symmetry of graphene and it is expected to generate valley-
polarized 0 LL around the impurity. Therefore, the splitting of the 0 LL observed in our 
experiment is attributed to the realization of valley-polarized state induced by the 
individual N dopant. Such a result is further confirmed by magnetic field dependence 
of the splitting measured at the N atom, as shown in Fig. 2d. The magnetic fields further 
enlarge the energy separations of the splitting, yielding a linear relation with the slope 
of 2.5 meV/T. Both the linear relation of the energy separations as a function of 
magnetic fields and the magnitude of the slope are consistent with the valley splitting 
observed in graphene monolayer47,48. In Fig. 2e, we show the spatial region around the 
N dopant where we can detect the valley splitting of the 0 LL as a function of magnetic 
fields. Obviously, the valley-polarized state induced by the individual N dopant can 
extend several nanometers around the impurity.   
For individual H atoms chemisorbed on graphene, our experiment demonstrates that 
even richer broken-symmetry states are introduced around the impurity. Figure 3(a) 
shows a typical STM image of an individual H atom chemisorbed on the topmost 
graphene monolayer. A bright protrusion with a lateral height up to ~ 200 pm, 
surrounded by a triangular ( √3 × √3 ) R30° interference pattern, can be clearly 
identified (Fig. S6 of the Supplemental Material35). The STS spectrum recorded on the 
H atom shows a quasi-localized 𝑉𝜋 state at ~ 0.1 eV above the Fermi level (Fig. S6 of 
the Supplemental Material35). The features of the STM image and the existence of the 
localized 𝑉𝜋 state in the STS spectrum are well consistent with that of an isolated H 
atom chemisorbed on graphene20. The chemisorbed H atom, which is similar as the N 
dopant, also locally breaks the sublattice symmetry of graphene. Therefore, we also 
detect the valley polarized state, as featured by splitting into two peaks of the 0 LL, 
around the H atom (Fig. 2b) and the valley splitting also increases linear with external 
magnetic fields (see Fig. S7 of the Supplemental Material35). However, when we 
measure the LLs spectrum at the chemisorbed H atom, two new features are observed, 
as shown in Fig. 2b. First, each of the valley-polarized peak of the 0 LL further splits 
into two peaks, indicating that the spin degeneracy is lifted9,47. Second, we observe 
splitting of nonzero LLs: for example, the -1 LL clearly splits into two peaks. The spin 
splitting of the K’ and K valleys in the 0 LL, as defined as ∆E1
0 LL and ∆E2
0 LL, when 
recorded on the H atom depend weakly on the magnetic fields, as shown in Fig. 3(c). 
The splitting of the nonzero LL is also measured in different magnetic fields and Fig. 
3(d) shows the splitting of the -1 LL as a function of magnetic fields as an example (see 
Fig. S8 of the Supplemental Material for splitting of the other nonzero LLs35). The 
observed fully spin and valley polarized states of the 0 LL and the splitting of the 
nonzero LLs are attributed to the coexistence of sublattice symmetry breaking and 
enhanced SOC due to the chemisorption of the H atom. According to previous studies, 
the hybridization of a H atom and the underlying graphene C atom could induce a 
distortion of the graphene lattice from sp2 to sp3, which leads to a significant 
enhancement of the SOC in graphene around the H impurity49,50. 
To further understand the nature of the broken-symmetry states induced by the 
chemisorption of the H atom, we carry out the tight-binding calculations of the subtle 
energies in the LLs of graphene under perpendicular magnetic fields51-53 (see 
Supplemental Material for details35). By considering both the sublattice symmetry 
breaking and the enhanced SOC, the fourfold spin-valley degeneracy of the zero LL of 
graphene is completely lifted. The energies of the four spin-valley polarized states can 
be described as 
𝐸𝐾↓ = ∆ + 𝜆𝐴, 𝐸𝐾↑ = ∆ − 𝜆𝐴, 𝐸
𝐾′↓
= −∆ + 𝜆𝐵, 𝐸
𝐾′↑
= −∆ − 𝜆𝐵. 
Here ∆ is potential difference between the nearest carbon site induced by the H adatom, 
𝜆𝐴  and 𝜆𝐵  are the strength of atomic SOC on the H absorbed carbon site and the 
nearest carbon sites, respectively [Fig. 3(e) and Tab. S1 of the Supplemental Material35]. 
Because the sublattice potential asymmetry induced by the H adatom is larger than the 
strength of the atomic SOC, the experimental obtained ∆E1
0 LL  and ∆E2
0 LL  can 
roughly reflect the strength of the atomic SOC induced by the H adatom, yielding 𝜆𝐴 =
4.5 𝑚𝑒𝑉  and 𝜆𝐵 = 2.0 𝑚𝑒𝑉.  Theoretically, the sp
3 distortion induced by the H 
adatom can efficiently enhances the localized interaction between 𝜋 and 𝜎 bands, 
resulting in an enhanced atomic SOC, which is predicted to be about 7 meV, acting on 
the 𝜋 electrons of graphene49 (Fig. S9 of the Supplemental Material35). Experimentally, 
the SOC in weakly hydrogenated graphene with 0.05% H absorptions is measured as 
2.5 meV in transport experiment, which is consistent with that obtained in our 
experiment. The coexistence of the sublattice symmetry breaking and the enhanced 
atomic SOC around the H adatom not only lead to the fully spin and valley polarized 
zero LL, but also lift the valley degeneracy of the nonzero LLs, as shown in Fig. 3e. 
Additionally, the calculated splitting of the N < 0 LLs is slightly larger than that of the 
N > 0 LLs (Fig. 3e). Obviously, all the experimental features observed in our experiment 
are reproduced quite well by our theoretical calculation.  
As demonstrated in Fig. 2, we can obtain the spatial extention of the sublattice 
symmetry breaking induced by the atomic impurity by measuring the valley splitting 
of the 0 LL. Similarly, we also can measure the spatial extention of the SOC induced 
by the chemisorbed H atom by measuring the fully spin and valley polarized 0 LL and 
the valley polarized nonzero LLs. In Fig. 4a, we plot the energy separations of valley 
splitting in both the 0 LL and the -1 LL as a function of distance away from the H atom 
under the magnetic field of 12 T. Three distinct regions, as marked by different colors 
in the top panel of Fig. 4a, can be clearly identified. In the nearest region of the H atom, 
within about 1 nm from the H atom, both the enhanced SOC and the sublattice 
symmetry breaking play important roles in determining the broken-symmetry states and 
we observe fully spin and valley polarized states of the zero LL and valley-polarized 
state of the nonzero LL. The spatial extention of the valley splitting in the -1 LL is 
slightly smaller than that of the fully spin and valley splitting of the zero LL, attributing 
to the decrease of the lifetime of quasiparticles with increasing the LL index (the spatial 
extention of the valley splitting decreases for higher LL indices, see Fig. S10 of the 
Supplemental Material35). In the region far away from the H atom, the effect of both 
the SOC and the sublattice symmetry breaking induced by the impurity can be neglected 
and we observe well-defined LLs with fourfold degeneracy (Fig. 4a and 4b). In the 
intermediate region, only the sublattice symmetry breaking dominates the breaking-
symmetry states and we observe valley-polarized zero LL in our experiment. Figure 4b 
summarizes the three regions as a function of magnetic fields measured in our 
experiment. Obviously, the spatial extention of the SOC is much smaller than that of 
the sublattice symmetry breaking induced by the chemisorbed H atom.  
In summary, we systematically study the broken-symmetry states in graphene 
induced by individual atomic impurities via the LL spectra. The broken-symmetry 
states induced by a chemisorbed H atom are quite different from that induced by a N 
dopant, indicating the possibility to tailor the broken-symmetry states of graphene at 
the nanoscale. This opens a road to realize and tailor more exotic broken-symmetry 
states in graphene by using different atomic impurities, such as heavy elements with a 
larger atomic SOC or magnetic elements.  
 
 
Acknowledgements 
This work was supported by the National Natural Science Foundation of China (Grant 
Nos. 11974050, 11674029). L.H. also acknowledges support from the National 
Program for Support of Top-notch Young Professionals, support from “the 
Fundamental Research Funds for the Central Universities”, and support from “Chang 
Jiang Scholars Program”. 
 
 
References: 
1. J. Goldstone, Broken Symmetries. Phys. Rev. 127, 965-970 (1962). 
2. J. R. Engelbrecht, M. Randeria, C. A. R. S. Melo, BCS to Bose crossover: Broken-
symmetry state. Phys. Rev. B 55, 15153 (1997). 
3. P. Delaney, H. J. Choi, J. Ihm, S. G. Louie, M. L. Cohen, Broken symmetry and 
pseudogaps in ropes of carbon nanotubes. Nature 391, 466-468 (1998). 
4. R. T. Weitz, M. T. Allen, B. E. Feldman, J. Martin, A. Yacoby, Broken-Symmetry 
States in Doubly Gated Suspended Bilayer Graphene. Science 330, 812-816 (2010). 
5. M. Hashimoto, R. He, K. Tanaka, J. Testaud, W. Meevasana, R. G. Moore, D. Lu, 
H. Yao, Y. Yoshida, H. Eisaki, T. P. Devereaux, Z. Hussain, Z. Shen, Particle–hole 
symmetry breaking in the pseudogap state of Bi2201. Nat. Phys. 6, 414-418 (2010). 
6. R. V. Gorbachev, A. K. Geim, M. I. Katsnelson, K. S. Novoselov, T. Tudorovskiy, 
I. V. Grigorieva, A. H. MacDonald, S. V. Morozov, K. Watanabe, T. Taniguchi, L. 
A. Ponomarenko, Strong Coulomb drag and broken symmetry in double-layer 
graphene. Nat. Phys. 8, 896-901 (2012). 
7. K. Fujita, C. K. Kim, I. Lee, J. Lee, M. H. Hamidian, I. A. Firmo, S. Mukhopadhyay, 
H. Eisaki, S. Uchida, M. J. Lawler, E.-A. Kim, J. C. Davis, Simultaneous 
Transitions in Cuprate Momentum-Space Topology and Electronic Symmetry 
Breaking. Science 344, 612-616 (2014). 
8. M. Håkansson, T. Löfwander, Mikael Fogelström, Spontaneously broken time-
reversal symmetry in high-temperature superconductors. Nat. Phys. 11, 755-760 
(2015). 
9. Y. J. Song, A. F. Otte, Y. Kuk, Y. Hu, D. B. Torrance, P. N. First, W. A. de Heer, 
H. Min, S. Adam, M. D. Stiles, A. H. MacDonald, J. A. Stroscio, High-resolution 
tunnelling spectroscopy of a graphene quartet. Nature 185-189 (2010). 
10. M. O. Goerbig, Electronic properties of graphene in a strong magnetic field. Rev. 
Mod. Phys. 83, 1193 (2011). 
11. A. F. Young, C. R. Dean, L. Wang, H. Ren, P. Cadden-Zimansky, K. Watanabe, T. 
Taniguchi, J. Hone, K. L. Shepard, P. Kim, Spin and valley quantum Hall 
ferromagnetism in graphene. Nat. Phys. 8, 550-556 (2012). 
12. J. Velasco Jr, L. Jing, W. Bao, Y. Lee, P. Kratz, V. Aji, M. Bockrath, C. N. Lau, 
C. Varma, R. Stillwell, D. Smirnov, Fan Zhang, J. Jung, A. H. MacDonald, 
Transport spectroscopy of symmetry-broken insulating states in bilayer graphene. 
Nat. Nanotech. 7, 156-160 (2012). 
13. A. F. Young, J. D. Sanchez-Yamagishi, B. Hunt, S. H. Choi, K. Watanabe, T. 
Taniguchi, R. C. Ashoori, P. Jarillo-Herrero, Tunable symmetry breaking and 
helical edge transport in a graphene quantum spin Hall state. Nature 505, 528-532 
(2014). 
14. Y. Cao, V. Fatemi, A. Demir, S. Fang, S. L. Tomarken, J. Y. Luo, J. D. Sanchez-
Yamagishi, K. Watanabe, T. Taniguchi, E. Kaxiras, R. C. Ashoori, Pablo Jarillo-
Herrero, Correlated insulator behaviour at half-filling in magic-angle graphene 
superlattices. Nature 556, 80-84 (2018). 
15. Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E. Kaxiras, P. Jarillo-
Herrero, Unconventional superconductivity in magic-angle graphene superlattices. 
Nature 556, 43-50 (2018). 
16. M. Yankowitz, S. Chen, H. Polshyn, Y. Zhang, K. Watanabe, T. Taniguchi, D. 
Graf, A. F. Young, Cory R. Dean, Tuning superconductivity in twisted bilayer 
graphene. Science 363, 1059–1064 (2019). 
17. A. L. Sharpe, E. J. Fox, A. W. Barnard, J. Finney, K. Watanabe, T. Taniguchi, M. 
A. Kastner, D. Goldhaber-Gordon, Emergent ferromagnetism near three-quarters 
filling in twisted bilayer graphene. Science 365, 605–608 (2019). 
18. X. Lu, P. Stepanov, W. Yang, M. Xie, M. A. Aamir, I. Das, C. Urgell, K. Watanabe, 
T. Taniguchi, G. Zhang, A. Bachtold, A. H. MacDonald, D. K. Efetov, 
Superconductors, orbital magnets and correlated states in magic-angle bilayer 
graphene. Nature 574, 653-657 (2019). 
19. L. Zhao, R. He, K. T. Rim, T. Schiros, K. S. Kim, H. Zhou, C. Gutiérrez, S. P. 
Chockalingam, C. J. Arguello, L. Pálová, D. Nordlund, M. S. Hybertsen, D. R. 
Reichman, T. F. Heinz, P. Kim, A. Pinczuk, G. W. Flynn, A. N. Pasupathy, 
Visualizing Individual Nitrogen Dopants in Monolayer Graphene. Science 333, 99-
1003 (2011). 
20. H. González-Herrero, J. M. Gómez-Rodríguez, P. Mallet, M. Moaied, J. J. Palacios, 
C. Salgado, M. M. Ugeda, J. Veuillen, F. Yndurain, and I. Brihuega, Atomic-scale 
control of graphene magnetism by using hydrogen atoms. Science 352, 437-441 
(2016). 
21. E. Cockayne, G. M. Rutter, N. P. Guisinger, J. N. Crain, P. N. First, and J. A. 
Stroscio, Grain boundary loops in graphene. Phys. Rev. B 83, 195425 (2011). 
22. J. Mao, Y. Jiang, D. Moldovan, G. Li, K. Watanabe, T. Taniguchi, M. R. Masir, F. 
M. Peeters, and E. Y. Andrei, Realization of a tunable artificial atom at a 
supercritically charged vacancy in graphene. Nat. Phys. 12, 545 (2016). 
23. Y. Zhang, S. Li, H. Huang, W. Li, J. Qiao, W. Wang, L. Yin, K. Bai, W. Duan, and 
L. He, Scanning Tunneling Microscopy of the π Magnetism of a Single Carbon 
Vacancy in Graphene. Phys. Rev. Lett. 117, 166801 (2016). 
24. R. R. Nair, M. Sepioni, I-Ling Tsai, O. Lehtinen, J. Keinonen, A. V. 
Krasheninnikov, T. Thomson, A. K. Geim, and I. V. Grigorieva. Spin-half 
paramagnetism in graphene induced by point defects. Nat. Phys. 8, 199-202 (2012). 
25. J. Balakrishnan, G. K. W. Koon, M. Jaiswal, A. H. Castro Neto, and B. Özyilmaz, 
Colossal enhancement of spin–orbit coupling in weakly hydrogenated graphene. 
Nat. Phys. 9, 284-287 (2013). 
26. A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, and R. A. Duine, New perspectives 
for Rashba spin–orbit coupling. Nat. Mater. 14, 871-882 (2015). 
27. W. Han, R. K. Kawakami, M. Gmitra, and J. Fabian, Graphene spintronics. Nat. 
Nanotech. 9, 794-807 (2014). 
28. A. Avsar, J. Y. Tan, T. Taychatanapat, J. Balakrishnan, G.K.W. Koon, Y. Yeo, J. 
Lahiri, A. Carvalho, A.S. Rodin, E.C.T. O’Farrell, G. Eda, A.H. Castro Neto, and 
B. Ozyilmaz, Spin–orbit proximity effect in graphene. Nat. Comun. 5, 4875 (2014). 
29. D. Marchenko, A. Varykhalov, M.R. Scholz, G. Bihlmayer, E.I. Rashba, A. Rybkin, 
A.M. Shikin, and O. Rader, Giant Rashba splitting in graphene due to hybridization 
with gold. Nat. Commun. 3, 1232 (2012). 
30. A. Soumyanarayanan, N. Reyren, A. Fert, and C. Panagopoulos, Emergent 
phenomena induced by spin–orbit coupling at surfaces and interfaces. Nature 539, 
509-517 (2016). 
31. J.-H. Chen, C. Jang, S. Adam, M. S. Fuhrer, E. D. Williams, and M. Ishigami, 
Charged-impurity scattering in graphene. Nat. Phys. 4, 377-381 (2008). 
32. E. Y. Andrei, G. Li, and X. Du, Electronic properties of graphene: a perspective 
from scanning tunneling microscopy and magnetotransport. Rep. Prog. Phys. 75, 
056501 (2012). 
33. S. Li, Y. Ren, Y. Liu, M. Chen, H. Jiang, and L. He, Nanoscale detection of valley-
dependent spin splitting around atomic defects of graphene. 2D Mater. 6, 031005 
(2019). 
34. T. Palaniselvam, and J. Baek, Graphene based 2D-materials for supercapacitors. 
2D Mater. 2, 032002 (2015). 
35. See supplemental materials for more experimental data, analysis, theoretical 
calculations and discussion. 
36. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim, The 
electronic properties of graphene. Rev. Mod. Phys. 81, 10-161 (2009). 
37. K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. I. Katsnelson, I. V. 
Grigorieva, S. V. Dubonos, and A. A. Firsov, Two-dimensional gas of massless 
Dirac fermions in graphene. Nature 438, 197-200 (2005). 
38. M. O. Goerbig, Electronic properties of graphene in a strong magnetic field. Rev. 
Mod. Phys. 83, 1193-1243 (2011). 
39. D. Xiao, W. Yao, and Q. Niu, Valley-Contrasting Physics in Graphene: Magnetic 
Moment and Topological Transport. Phys. Rev. Lett. 99, 236809 (2007). 
40. L. S. Panchakarla, K. S. Subrahmanyam, S. K. Saha, A. Govindaraj, H. R. 
Krishnamurthy, U. V. Waghmare, and C. N. R. Rao, Synthesis, Structure, and 
Properties of Boron- and Nitrogen-Doped Graphene. Adv. Mater. 21, 4726–4730 
(2009). 
41. H. Wang, T. Maiyalagan, and X. Wang, Review on Recent Progress in Nitrogen-
Doped Graphene: Synthesis, Characterization, and Its Potential Applications. ACS 
Catal. 2, 781−794 (2012). 
42. G. Li, A. Luican, and E. Y. Andrei, Scanning Tunneling Spectroscopy of Graphene 
on Graphite. Phys. Rev. Lett. 102, 176804 (2009). 
43. D. L. Miller, K. D. Kubista, G. M. Rutter, M. Ruan, W. A. de Heer, P. N. First, J. 
A. Stroscio, Observing the Quantization of Zero Mass Carriers in Graphene. 
Science 324, 924-927 (2009). 
44. L. Yin, S. Li, J. Qiao, J. Nie, and L. He, Landau quantization in graphene 
monolayer, Bernal bilayer, and Bernal trilayer on graphite surface. Phys. Rev. B 91, 
115405 (2015). 
45. Z. Chen, Z. Shi, W. Yang, X. Lu, Y. Lai, H. Yan, F. Wang, G. Zhang, and Z. Li, 
Observation of an intrinsic bandgap and Landau level renormalization in 
graphene/boron-nitride heterostructures. Nat. Commun. 5, 4461 (2014). 
46. W. Wang, L. Yin, J. Qiao, T. Cai, S. Li, R. Dou, J. Nie, X. Wu, and L. He, Atomic 
resolution imaging of the two-component Dirac-Landau levels in a gapped 
graphene monolayer. Phys. Rev. B 92, 165420 (2015). 
47. Li, S.-Y., Zhang, Y., Yin, L.-J., He, L. Scanning tunneling microscope study of 
quantum Hall isospin ferromagnetic states in the zero Landau level in a graphene 
monolayer. Phys. Rev. B 100, 085437 (2019). 
48. A. F. Young, C. R. Dean, L. Wang, H. Ren, P. Cadden-Zimansky, K. Watanabe, T. 
Taniguchi, J. Hone, K. L. Shepard, and P. Kim. Spin and valley quantum Hall 
ferromagnetism in graphene. Nat. Phys. 8, 550-556 (2012). 
49. A. H. Castro Neto, and F. Guinea, Impurity-Induced Spin-Orbit Coupling in 
Graphene. Phys. Rev. Lett. 103, 026804 (2009). 
50. M. Gmitra, D. Kochan, and J. Fabian, Spin-Orbit Coupling in Hydrogenated 
Graphene. Phys. Rev. Lett. 110, 246602 (2013). 
51. T. Cai, S. A. Yang, X. Li, F. Zhang, J. Shi, W. Yao, and Q. Niu, Magnetic control 
of the valley degree of freedom of massive Dirac fermions with application to 
transition metal dichalcogenides. Phys. Rev. B 88, 115140 (2013). 
52. H. Min, J. E. Hill, N. A. Sinitsyn, B. R. Sahu, L. Kleinman, and A. H. MacDonald, 
Intrinsic and Rashba spin-orbit interactions in graphene sheets. Phys. Rev. B 74, 
165310 (2006). 
53. S. Konschuh, M. Gmitra, and J. Fabian, Tight-binding theory of the spin-orbit 
coupling in graphene. Phys. Rev. B 82, 245412 (2010). 
 
 
 
 
 
 
 
 
 
 Figure 1. Illustration of the broken-symmetry states induced by an individual 
atomic impurity in graphene monolayer. (a) Schematic STM measurements of 
graphene monolayer with two types of individual atomic defects, i.e. nitrogen dopant 
and chemisorbed hydrogen atom. The inset is the schematic low-energy spectrum of 
graphene near the Dirac points in the first Brillouin zone, with two inequivalent valleys 
labeled as K and K’. (b) A schematic DOS of LLs in pristine graphene monolayer under 
high magnetic fields. The LL indices are labeled, and the N = 0 LL exhibits fourfold 
valley and spin degeneracies. (c) A schematic DOS of a valley polarized N = 0 LL with 
two valley-polarized peaks. (d) A schematic DOS of a fully spin and valley polarized 
N = 0 LL, which splits into four separate peaks.  
 
 Figure 2. Atomic-resolution STM images and STS spectra of an individual N 
dopant in graphene. (a) A 20  20 nm2 STM topography of the topmost graphene 
monolayer with an individual N dopant. Inset: the atomic-resolution STM image of an 
individual N dopant in graphene. (b) STS spectra measured on the N atom and at a 
position ~ 5 nm away from the N atom under the magnetic field of 8 T. The spectra are 
offset vertically for clarity. The LL indices are labeled, and the splitting of the N = 0 
LL recorded on the N atom can be clearly identified. (c) Energy separations of the K 
and K’ valley in the N = 0 LL as a function of the distance from N site under the 
magnetic field of 8 T. At the position with the distance L away from the N atom, the 
splitting decreases to zero. (d) Energy separations of the K and K’ valley in the N = 0 
LL under different magnetic fields recorded on the N site. Inset: Typical STS spectra 
of the N = 0 LL recorded on the N site under different magnetic fields. (e) The distance 
L, as defined in panel d, as a function of magnetic fields. All the experimental data were 
acquired at 𝑉𝑏𝑖𝑎𝑠 = 0.5 𝑉, 𝐼 = 0.2 𝑛𝐴. 
 
 Figure 3. Atomic-resolution STM images and STS spectra of an individual H 
chemisorbed on graphene. (a) A 20  20 nm2 STM topography of the topmost 
graphene monolayer with an individual H atom. Inset: the atomic-resolution STM 
image of the chemisorbed H atom. (b) STS spectra recorded at different distances away 
from the H adatom under the magnetic field of 8 T. The spectra are offset vertically for 
clarity. (c) Energy separations of spin splitting in each valley of the N = 0 LL recorded 
on the H site under different magnetic fields. The ∆E1
0 LL and ∆E2
0 LL are defined as 
the spin splitting in each valley, as shown in the inset. (d) Energy separations of the N 
= -1 LL recorded on the H site as a function of magnetic fields. ∆E−1 LL is defined as 
the splitting of the -1 LL, as shown in the inset. All experimental data were acquired at 
𝑉𝑏𝑖𝑎𝑠 = 0.5 𝑉, 𝐼 = 0.2 𝑛𝐴. (e) Schematic image for the electron energies in different 
LLs with considering the sublattice symmetry breaking and the enhanced SOC in 
graphene. 
 
 
 
 Figure 4. The spatial distributions of the splitting of the LLs around the 
chemisorbed H atom on graphene. (a) Up panel: The energy splitting of the K and K’ 
valley in the N = 0 LL around the H atom on graphene as a function of the distance 
from H site under the magnetic fields of 12 T. Three different regions are marked by 
pink (the 0 LL splits into four peaks), yellow (the 0 LL splits into two peaks) and green 
shadow (there is no observable splitting of the 0 LL) respectively. The length L∆+SOC
0 LL  
is defined as the distance from the H atom that the coexistence of sublattice symmetry 
breaking and SOC lead to the fully spin and valley splitting of the 0 LL. The L∆
0 LL is 
defined as the distance from the H atom that the valley splitting of the 0 LL is 
observable. Bottom panel: The energy splitting of the N = -1 LL around the 
chemisorbed H atom on graphene as a function of the distance from H site under the 
magnetic fields of 12 T. The length L∆+SOC
−1 LL  is defined as the distance from the H atom 
that the coexistence of sublattice symmetry breaking and SOC lead to the valley 
splitting of the -1 LL. (b) The measured lengths L∆+SOC
0 LL , L∆
0 LL  and L∆+SOC
−1 LL  as a 
function of magnetic fields. 
 
